The interplay of glacial dynamics, glaciofluvial and aeolian transport in proglacial landscapes plays an important role in local environmental systems and in the global context by affecting the amount of dust generated and transported at different phases of glacial-interglacial cycles. Glacial outwash plains are a significant source of dust, however the processes involved in dust generation on proglacial floodplains are poorly documented. We report a study of the quantity and characteristics of aeolian suspended sediment transport in Sandflugtdalen, a valley containing a proglacial floodplain and aeolian dunefield in West Greenland. Although the surface sediment of both the floodplain and dunefield contain a considerable amount of sand-sized material, wind speeds recorded were insufficiently strong to mobilise this material; this is probably due to the armouring effect of coarser particles in the surface deposits. Nevertheless, fine (dust-sized) aeolian sediments were transported down valley in suspension and the source of this material was a silt-dominated meltwater deposit up valley from the monitoring sites. Dust transport ranged from 0.0008-0.082 g m-w s-1 over seven days and 0.0035-0.011 g m-w s-1 over a further 57 days during which no additional fluvial sediments were deposited.
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Introduction
A strong coupling between dust and climate has been identified that is sustained through multiple glacial-interglacial cycles (e.g. Lambert et al. 2008) . The interplay of glacial dynamics, glaciofluvial and aeolian transport in proglacial landscapes plays an important role therefore, not only in local environmental systems, but also in the global context by affecting the amount of dust generated and transported.
Glacial outwash plains have been cited as a significant source of dust in the southern hemisphere (e.g. Sugden et al. 2009 ) and must also have been important dust sources in the northern hemisphere. Cold climate aeolian processes and landforms are widely acknowledged in proglacial and paraglacial geomorphology (e.g. Ballantyne, 2002; Seppälä, 2004) , but have received considerably less attention than aeolian processes in warm arid or temperate coastal regions. Under contemporary conditions, many high latitude or high altitude regions have limited rainfall (e.g. mean annual precipitation in the Dry Valleys of Antarctica is <60 mm rainfall equivalent) including parts of the Andean altiplano, and some ice-free regions of the Arctic and Antarctic. Seppälä (2004) estimates that cold arid areasdefined as those where the mean temperature of the warmest month is less than 10°C and mean annual precipitation is less than 250 mm -cover around 5 million km 2 . In addition, some humid, cold areas such as in New Zealand and Iceland have limited vegetation cover and sufficiently strong winds for aeolian processes to be important (e.g. Arnalds et al. 2001 , McGowan & Sturman, 1997 , Marx & McGowan, 2005 . Glacierised catchments in these areas typically receive an abundance of fluvially-supplied sediment <2000m in diameter. Diurnal and seasonal discharge cycles lead to the deposition of these sands and silts across outwash plains where, following desiccation and in the absence of dense vegetation, they may be entrained by strong katabatic or density-driven downglacier winds or, in the proximity of ice sheets, by winds driven by steep regional or continental pressure gradients associated with persistent atmospheric high pressure.
The principles of aeolian sediment transport established in temperate (usually coastal) or sub-tropical regions also apply to cold climate regions. For a given set of grain characteristics, aeolian sediment transport is positively related to wind velocity and turbulence intensity, but negatively related to surface roughness and sediment moisture content. There are, however, differences between threshold wind velocities required to entrain particles under warm or cool conditions depending on air temperature, pressure and humidity all of which affect the density of the air (McKenna Neuman, 2004 , Selby et al. 1974 ; for example for a given particle size threshold wind velocities are lowered in cold conditions and increase as temperature increases. Additional considerations in cold climates include the impacts of snow, frost and sublimation (Kurosaki & Mikami, 2004 , McKenna Neuman & Gilbert, 1986 . Thick snow cover can protect sediments from deflation and frost can cement fine particles preventing their erosion -alternatively, frost activity may enhance surface erodibility by breaking up aggregates and limiting plant growth.
Hobbs (1942) argued that wind was the most important agent of sediment transport within extramarginal zones to continental glaciers, and the effects of deflation and aeolian modification on proglacial landforms has been widely reported (e.g. Derbyshire & Owen, 1996 , Gisladottir, et al. 2005 , Glasser & Hambrey, 2002 , Riezobos et al. 1986 ). There are, however, very few estimates of the quantity and characteristics of fine sediments deflated from proglacial areas. Exceptions include Nickling's (1978) for moderate storms on sand fields have been recorded (Arnalds et al. 2001) . Church (1972) observed aeolian transport of 1600 g m-w month -1 on Baffin Island but 40% of this material was moved in one day. In addition to generating dust storms, aeolian sediments, when deposited, play an important role in proglacial geomorphology, notably as aeolian duneforms (Mountney & Russell, 2009 ), inputs to soil development and as loess accumulations (Muhs et al. 2004 ).
Glacioaeolian deposits often reflect a complex pattern of reworking in proglacial areas where sediments are repeatedly eroded, transported and deposited by both wind and meltwater (e.g. Derbyshire & Owen, 1996 , Dijkmans & Törnqvist, 1991 .
Understanding the processes determining the supply and availability of sediments therefore requires some consideration of both aeolian and fluvial systems and the ways in which they interact at a variety of scales (e.g. Livingstone, 2002, Field et al. 2009 ). In proglacial regions production and supply of suitable sediments is closely-linked to glacier and ice-sheet dynamics (such as ice velocity, sediment load and basal thermal conditions) and hydrology, relying on suspended sediments in meltwater being transported to proglacial areas before they can be entrained by the wind and further transported to distal regions. Climate-driven ice retreat is likely to result in increased mobilisation of material from long-term glacial sediment stores (Hodgkins et al., 2003 , Jansson et al. 2005 , delivering greater quantities of fine sediments to the floodplain than at present (assuming a proglacial lake does not form; Sugden et al. 2009 ). Moisture availability (meltwater, rain, snow, groundwater) has a significant impact on sediment availability as do the geomorphology, sedimentology and vegetation characteristics of the proglacial floodplain. For example, coarse lag deposits can prevent aeolian entrainment (e.g. Schwan, 1986) and vegetation cover can trap aeolian sediments, but is very limited on an active floodplain. Climate warming is likely to trigger more aeolian activity at glacial margins due to the degradation or burial of vegetation by aeolian sediments or more rapid desiccation of sediments by increased evaporation (Alho, 2003; Gisladottir et al. 2005) . It is also known that locally-generated dust can play an important role in regulating ice albedo and the melting rate of glaciers and ice sheets (e.g. Adhikary et al. 2002 , Oerlemans et al. 2009 , Zdanowicz et al. 1998 ).
The aim of this paper is to examine the variability in surface characteristics and aeolian entrainment and transport across a proglacial floodplain. The experiment was conducted during the summer months with no snow or ice cover and started a few days after a meltwater flood event deposited fine sediments over large parts of the ice-proximal floodplain.
Study Area
Fieldwork was conducted between May and August 2007 in Sandflugtdalen, West Greenland ( Figure 1 ). This proglacial valley extends from the head of Kangerlussuaq Fjord (67°00'N, 50°43'20"W) to the west margin of the Greenland Ice Sheet. It is representative of the Greenland coastal zone and geomorphic and stratigraphic mapping (Dijkmans and Törnqvist, 1991) are in December and January, but Dijkmans & Törnqvist, (1991) reported that 25% of winds can exceed 10 m s -1
in May and June.
There is essentially no direct aeolian input to the valley, although fine (<4m) dust originating from Asia has been recorded in snow on the ice sheet and may constitute a very minor input (Steffensen, 1985) . The principal source of fine sediment is material transported by suspension in glacial meltwater. Meltwater discharge records indicate several moderate-high magnitude summer flood events each year, with the potential to deposit fine material across the floodplain (Russell et al. 1995) . Discharge from the Russell Glacier varies both seasonally and in response to periodic jökulhlaups and the damming of outflow drainage by periodic ice-front collapse (Mernild et al. 2008 , Russell et al. 1995 , Sugden et al. 1985 . In 1987 a jökulhlaup distributed a layer of sediment "a few cm thick" across the floodplain, with a mean grain size of 40 m, that was rapidly deflated (Dijkmans & Törnqvist, 1991:10) . Meltwater suspended sediment concentration is variable: Russell et al. (1995) reported a range of 100-4000 mg l indicates that over 85% by volume of sediments were <63m in diameter, and particle-size modes occurred at approximately 1, 9, 27 and 50 m (Bullard et al. 2009 ).
The eastern part of Sandflugtdalen has a broad valley floodplain in to which the Watson River is incised forming 5-10 m high terraces and aeolian sand is deposited in an almost continuous band along the northern fringe. The western part of the valley is contained in a narrow gorge and is largely devoid of aeolian deposits.
Aeolian deposits at the eastern end of the valley include active and vegetationstabilised sand sheets, dunes up to 250 m above the floodplain, and extensive wind-blown silt deposits up to 0.7 m thick at higher altitudes (Dijkmans & Törnqvist, 1991; Willemse et al. 2003) . Whilst dune accumulation is closely associated with vegetation, the dune surfaces are active with a high percentage of bare, rippled sand and localised slipface formation (Figure 2 ). There is significant evidence of modern accumulation of aeolian sediments associated with roughness elements such as gravel bar deposits and localised vegetation on the floodplain and within the dunefields.
<Figure 2>
Methods

Instrumentation
Five monitoring sites were established in a down valley transect. Site locations are shown in Figures 1 and 3 and described in Table 1 . The sites vary from a graveldominated fluvial system approximately 4.5 km from the ice front (site one) to a sand-dominated dunefield a further 4.2 km down valley (sites four and five).
Vegetation cover is less than 10% at all sites. A reference station to monitor wind saltation impact sensor. Field data collection can be divided into two periods.
During days 1-7 it was possible to visit the sites daily, during days 8-65 the sites were unattended. During days 1-7 a mobile monitoring array with the same instrumentation as the reference station (excluding the Sensit) was deployed at each site for periods >20 hours and the velocity profiles obtained were used to estimate aerodynamic roughness length (z o ) (using the method of Bauer et al. 1992 ; Table 1 ). At each site wind speed was integrated over 15 second intervals for periods of 1 minute. Further analysis of the velocity data from the measurement arrays consisted of calculating the fractional speed-up ratio (s) as defined by Jackson & Hunt (1975) :
where u z is the wind speed at height z on the measurement array, and U z is the wind speed at height z on the reference anemometer. The speed-up ratio allows an assessment of the changes in relative wind speed at each location. A s of +0.1
indicates an acceleration in velocity compared to the reference station at the same height of 10%; a value of -0.1 indicates deceleration by 10%. Hourly wind speed, direction, temperature data and rainfall (6 hourly) were also obtained from the weather station at Kangerlussuaq (WMO-ID 04231), located c.14 km west of site three at the head of the fjord (Carstensen & Jørgensen, 2009) . A comparison of data from Kangerlussuaq meteorological station and data from the reference station at site three (resampled to 10 minutes mean wind direction/speed each hour) for 6-12 June 2007 indicate that wind direction at the former is strongly bidirectional (resultant wind direction 267º) aligned with the fjord/valley orientation whereas site three (mean direction 258º) recorded a higher frequency and greater directional variability of down valley winds. This likely reflects the proximity of site three to the ice sheet and that the valley is broader and less topographically-constrained near the ice than at the head of the fjord. The overall range and magnitude of wind velocities at Kangerlussuaq is similar to that at site three but the diurnal pattern of velocities is very different which means the meteorological station records can not reliably be used as substitute for, or to extrapolate from, the field measurements.
Temperature records at the two stations are similar with a minimum, mean and maximum at site three of 0.2C, 12.2C and 23.4C respectively and at Kangerlussuaq meteorological station of 2.0C, 11.3C and 22.0C. The temperature records are closely correlated (r 2 =0.833, n=1267).
<Figure 3>
Sediment sampling and analysis
Surface sediment samples to a depth of c.5mm were collected at each site, and horizontal flux of wind-blown material was measured using vertical arrays of Fryrear 'Big Spring Number Eight' (BSNE) traps (Fryrear, 1986) . Although these are only c.40% efficient as dust traps, they are widely-used, robust and their efficiency is constant for wind speeds up to 5 ms -1 (Goossens & Offer, 2000) . The BSNE traps were modified to include a rain/snow hood (Shao et al. 1993 ) and mounted at heights of 0.18 m, 0.43 m, 0.85 m and 1.5 m (numbered trap five to two respectively). Traps were emptied after one week (on: 06-06-07 off: 13-06-07 -days 1-7) and again after a further 9 weeks in the field (on: 13-06-07 off: 18-08-07 -days 8-65).
Sediment characteristics were quantified using two methods -laboratory dry sieving and laser particle sizing -due to the large variation in particle size (silt-sand-gravel) and in quantity of available material, typically >2 kg for surface samples but <5 g for trapped wind-blown sediments. Surface samples were sieved at 0.5 intervals between 45m and 32 mm. High resolution size analyses were performed on a subset of the surface samples using a Beckman-Coulter LS280 laser-sizer in the range 0.375 to 2000 m with 93 class intervals. The surface sediment samples were initially passed through a 1.4 mm sieve to exclude coarse fluvial lag deposits and then a c.5g sub-sample was analysed using the laser particle-sizer. Samples collected using the BSNE traps were analysed using the laser particle-sizer only.
Due to fundamental differences in measurement techniques, particle size reports from sieving and the laser-sizer may disagree (e.g. Blott & Pye, 2006 , Rodriguez & Uriarte, 2009 ; this leads to difficulties combining data obtained from the different sources. In this paper, the sieve data gives an indication of the overall surface sediment characteristics. Laser-sizer data are used to compare the characteristics of the sediment fraction within the surface material that is most likely to be entrained by the wind (<1.4 mm by sieving) with those of the wind-blown sediments.
A few days prior to the start of the monitoring campaign a layer of fine sediment up to 140 mm deep was deposited on a section of the floodplain following a meltwater flood event. This section of the floodplain is incised 3-4 m below the level of the five monitoring sites and located 280 m up valley (towards the ice sheet) from site one. Although there was evidence that some of this flood deposit had already been deflated, the bank side sediments were actively deflating during the first week of the experiment (Figure 2d ). Three samples of this flood deposit were analysed using the laser-sizer; one on the channel margin (WR003) and two on the fluvial terrace in different positions such that WR001 must have been deposited after WR002.
Results
During days 1-7, wind speed at the reference station (site three) was, on average, 3.68 ms functioning properly, the Sensit deployed at the reference station did not record any impacts in days 1-7 which meant it was not possible to determine the threshold for aeolian sand transport at the sites using techniques such as the time fraction equivalence method (Stout & Zobeck, 1996) . Dijkmans and Törnqvist (1991) observed that winds exceeding 6 ms -1
were required to entrain silts in this valley and wind velocities had to exceed 7 ms to the ice-margin, sediments are bimodal -with a coarse pebble mode at >8000 m and a very fine to fine sand mode at 90-180 m. The sand mode is also clearly present at the other floodplain sites two and three. Site three is bimodal, similar to site one however the finer mode is more clearly defined. The two dunefield sites furthest from the ice sheet -four and five -have surface sediments typical of sandy aeolian deposits being well-sorted and with a single mode. For sites three to five, the proportion of surface sediment identified as being <63m in diameter is similar regardless of which particle-sizing method is used and is <5%. For site one, lasersizing suggests over 12% of the surface sediments are silt-sized or smaller compared with 5.6% by sieving whereas for site two laser sizing suggests <1.5% of fine particles compared with >5% by sieving. For particles less than 1.4 mm diameter, the finer sediments are better sorted, coarser skewed and more platykurtic (Figure 8 ), however there is no significant down valley change in fine sediment size and sorting for this fraction. Wind-transported sediments were trapped in all the BSNE samplers at all sites ( Figure 10 ; Table 2 ). For both sampling periods, the greatest quantity of material was trapped at the sites on the floodplain; site two (42.73 g after 7 days; 55.51 g over days 8-65), the next most active site was site three (6.41 g after 7 days; 25.65 g days 8-65) followed by site one (5.35 g after 7 days; 3.58 g days 8-65). ), z is sample height, and  and  are regression coefficients (Leys & McTainsh, 1996) . The exponent  describes the decrease in the mass of sediment with height and varies from site to site and between the two measurement periods. For both periods  decreases down valley from sites one to three before increasing at site four. The coefficient  characterises the density of suspended sediment and for the first measurement period it decreases with distance down valley; for the second measurement period values of  are consistently very low (Table 2 ).
<Table 2>
The particle-size characteristics of the wind-blown sediments are summarised in Figure 11 . Notably all the trapped sediments are multimodal and most have visible modes in the clay (<4 µm), very fine silt (3.9-7.8 µm) and coarse silt (31-63 µm)
categories. With the exception of site three, the sediments in the lowest traps are the coarsest but there is no systematic variation in grain size above this and in some instances, the largest mean particle size is found in higher traps. For example, site three after 7 days (lowest trap mean size 9.92 µm, trap four mean size 25.19 µm) and site two after 65 days (lowest trap mean size 6.59 µm, trap four mean size 23.13 µm). The channel margin flood deposit (WR003) is bimodal with peaks at 340 µm and 50 µm (Figure 11 ). The coarse peak is not present in the samples from the terraces (WR001 and WR002); the main peak is c.75 µm for WR002 and c.50 µm for WR001 with all samples also containing material <4 µm diameter.
<Figure 11>
Discussion
Surface sediments in Sandflugtdalen vary considerably down valley from coarse gravelly-sands at site one to very well-sorted sands at sites four and five. Sites . This is uncommon but by no means unique; several studies have noted that the sediment load does not always increase systematically with height above the surface, and that, especially with very small samples such as were obtained here, a low number of larger grains can be accumulated in higher traps during turbulent airflow and affect the mean grain size (e.g. Butler et al. 2005; Dong et al. 2010 , Fratini et al. 2009 ).
Although the Sensit impact sensor was functioning correctly, no impacts were recorded, yet aeolian sediment transport was occurring in the valley as evidenced by the BSNE trap data. The lack of impacts recorded is likely due to the particle size characteristics of the sediments in transport. In 90% of the BSNE samples (over both time periods) less than 0.25% of the particles trapped were >150 m in diameter. For the Sensit H11B to record an impact, a particle must have a respectively (Stout and Zobeck, 1996;  at 0.18 m above the surface (based on 10 minute averages) which suggests that any impacts of fine particles in transport would not have been recorded. Such fine particles would also be likely to travel by suspension or modified saltation (Nalpanis, 1985) and hence once entrained would not impact the ground as frequently as coarser saltating particles.
<Table 3>
Comparison of the trapped wind-blown sediments with the recent flood deposit, both of which are dominated by coarse silts, suggests that the latter was the main source of aeolian material. At the channel margin the flood deposit contained medium sands (38% by volume; mode c.340 µm) and coarse silts (15% by volume; c.50 µm) but there was an upward fining of the flood deposit and the surface sediments contained predominantly coarse silt (47%; mode c.c.50 µm) and less sand-sized material (28%). In addition, the lack of impacts recorded by the Sensit at the reference station suggests that trapped material was not derived from the surface sediments immediately around the BSNE sampler, but was transported to the site from the flood deposit described above -whilst winds were strong enough to transport silt-sized material they were less able to entrain and transport local, coarser sand-sized particles. Although site one was closest to the recent flood deposits, very little wind-blown sediment was trapped here compared with sites two and three and less was trapped at three than at site two. A possible explanation is that although the coarser and more poorly-sorted sediments at sites one and three provide a relatively flat, smooth surface with low surface roughness, it is possible for particles travelling by modified saltation or in suspension to be trapped between sediments when do they make contact with the surface and to be deposited. The nature of the surface can also affect sediment transport because saltation efficiency and trajectories are typically higher over coarser surfaces than over sandy surfaces.
These two factors combined may explain why there is little variation in sediment load with height at site one. . These values are considerably less than those measured by Nickling (1978) on a proglacial floodplain in Canada, however, Nickling (1978) only measured flux when events were occurring so estimates would be expected to be higher than those averaged over all conditions. For the second period of our study (days 8-65) wind velocities were lower and rainfall was higher than the first seven days meaning that transport capacity was reduced during this time. There were also no significant new flood The supply and availability of sediments to the aeolian system are determined by fluvioglacial activity. Although major events, such as catastrophic floods (e.g. jökulhlaups) can flush considerable quantities of fine sediments from beneath the ice (e.g. Old et al. 2005) , there are also significant sediments loads in lower magnitude meltwater flood events. Glacier and ice sheet systems are complex and the amount of suspended sediment delivered to the floodplain is not necessarily a function of glacier size and activity but also reflects glacier hydrology and the availability of 'preconditioned' sediment (Anderson, 2007 , Jansson et al. 2005 ).
Some meltwater flood events have very high sediment discharges whereas others bring little fresh sediment to the floodplain due to sediment exhaustion (Haritashya et al. 2006; Swift et al. 2005) . This makes it difficult to predict how much sediment could potentially be transferred to the aeolian system to form proglacial dune systems, to contribute to soil formation in the catchment or to be transported beyond the catchment to impact atmospheric and marine systems. Meltwater suspended sediment concentrations are likely to increase during ice retreat due not only to higher rates of glacier activity and greater water input to glaciers but also because the retreating ice will expose more sediments in the proglacial area to fluvial reworking and entrainment (Jansson et al. 2005) .
Conclusions
From this study we can conclude that during the summer melt season there is considerable potential for the deposition of fine, silt-sized sediments on the proglacial floodplain and that these sediments can be deflated by down valley winds. Deflation of the flood deposit is a rapid process, as also observed by Dijkmans and Törnqvist (1991) , and consequently dust production from the proglacial floodplain is supply limited. At present, during the summer months in Sandflugtdalen the older outwash deposits are not a source of dust because siltsized material is largely absent from the sediments. There is, however, a sandsized fraction, but this was not mobilised by the wind, most likely due to low wind velocities and the armouring effect of coarser gravel particles with which the sand is mixed. Sand transport is more likely to occur in the winter months when wind speeds are higher.
Figures
Figure 1 Map of the study area indicating main area of aeolian deposits and location of five sampling sites. 
